DNA polymerases ensure the faithful duplication of genetic information inside the nuclease and mitochondria of eukaryotic cells and the nucleoid of prokaryotic cells. These remarkable enzymes synthesize polynucleotide chains based on the complementarity of an incoming nucleotide to an existing DNA template. DNA polymerases are grouped into six families (A, B, C, D, X, and Y). The previous SnapShot (DNA Polymerases I Prokaryotes) described the structural and functional characteristics conserved across the families, using the DNA polymerases from the bacterium Escherichia coli as an example. In this SnapShot, we now highlight DNA polymerases from humans (Homo sapiens) and their relationship to human diseases. However, this list is certainly not exhaustive, and the number of putative links between DNA polymerases and diseases continues to grow.
Mammalian DNA Polymerases
Mammalian cells use 14 DNA polymerases from the A, B, X, and Y families to replicate a variety of DNA substrates. These include two polymerases (δ and ε) to replicate the genome; a primase (α) to generate short strands of RNA for the initiation of DNA replication; a mitochondrial polymerase (γ) to replicate the mitochondrial genome; and several other polymerases that are necessary during the repair of damaged DNA (β, λ, and µ) or replication past DNA lesions (θ, ζ, η, ι, κ, ν, and Rev1). Many of these polymerases possess additional enzymatic activities that enhance their ability to perform specialized functions. For example, the replicative polymerases (γ, δ, and ε) contain 3′ to 5′ exonuclease activity. In addition, many of the DNA repair polymerases (β, θ, ι, and λ) help to remove damaged nucleotides during base excision repair (BER) via abasic site lyase (AP lyase) and/or 5′ deoxyribose-5-phosphate lyase (dRP lyase) activities.
DNA Polymerases in Human Disease
Although the health and survival of the organism relies on the proper activity of each DNA polymerase, their specialized functions also come at a potential cost to the organism, including an increased susceptibility to cancer. For example, tumor formation has been associated with the inactivation or overexpression of the Y family of DNA polymerases, η and κ, respectively. These polymerases preferentially catalyze the duplication of damaged substrates, which the replicative polymerases (δ and ε) are unable to copy. To accomplish this task, the Y family polymerases contain an open, spacious active site that makes few contacts with template DNA and incoming nucleotides. This allows bulky DNA lesions to fit inside their active site, but it also results in lower fidelity (mutation rates ?10
-10 −4 ) compared to the replicative DNA polymerases δ and ε, which have compact active sites (mutation rates ?10 −6 -10 −7 ). Therefore, the cell must tightly regulate the expression and activity of these low-fidelity polymerases (η, ζ, ι, θ, ν, and κ) to ensure that their beneficial activity is directed to the proper substrates during translesion synthesis, somatic hypermutation, and meiosis. Current research is aimed at deciphering the complex regulation of these polymerases, which appears to occur via modulation of protein levels, posttranslational modifications of the enzymes, and a variety of protein-protein interactions. Without these proper controls, cells are more susceptible to tumor formation.
Improper activity of high-fidelity polymerases, such as β and δ from the X and B families, can also result in an increased susceptibility to cancer. Moreover, other types of DNA polymerases are indirectly associated with tumor formation through their critical role in genome maintenance pathways. For example, the nonhomologous end-joining (NHEJ) pathway, which repairs double-stranded breaks in DNA, is associated with cancer, but the polymerases involved in these pathways, such as λ and µ, have not been directly linked. In general, the stability of an organism's genome requires a full complement of properly regulated DNA polymerases to avoid tumor formation.
In addition to preventing cancer, many other aspects of mammalian health depend on the proper function and regulation of DNA polymerases. For example, numerous disorders, such as progressive external ophthalmoplegia and idiopathic Parkinson's disease, result from the improper activity of the mitochondrial DNA polymerase γ. DNA polymerases also have potential links to embryonic development (ζ) and respiratory function (λ).
